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A method is presented to calculate the eddy current 
losses of a uniform disc with an opening in the center and 
excited by a circular current loop. First, the disc is 
subdivided into smaller concentric rings, then the self-
inductances, the mutual inductances between these smaller 
rings, the mutual inductances between the excitation coil 
and the smaller rings, and the resistance of the rings are 
calculated. 
Next, the eddy current flowing in each ring is obtained 
by solving a complex matrix equation of the form [X] [I] = [V] 
where X is the impedance matrix, I is the eddy current 
matrix, and V is the induced voltage matrix. 
Finally, the power loss is determined from the 
resistance and the eddy current of each ring. 
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I. INTRODUCTION 
An ever present problem in electrical engineering is 
the reduction of eddy-current losses in non-magnetic and 
magnetic circuits. The losses lower the efficiency of 
power plants and generate undesirable heat. Eddy-
current effects in communication and other light current 
circuits is to increase impedances and generally make 
circuit parameters dependent on frequency. 
1 
Attempts to solve Maxwell's equations for regions 
inside electrical conductors generallymeet with mathematical 
obstacles, unless a uniform magnetic field can be assumed 
to exist. In many practical instances the field would be 
non-uniform, since it is generated by currents flowing 
along wires. 
The two best known conductor models, for which the 
basic field equations have been fully solved, can only 
exist in unlimited space. They are the infinite con-
ducting half space with a uniform, undirectional magnetic 
force acting parallel to the surface plane, and the 
infinitely long circular cylinder with a uniform field 
at the surface. Quantitative and qualitative deductions 
from these configurations have been useful in solving a 
great variety of practical problems. The step from in-
finite to finite dimensions introduces smaller errors 
than the difficulties experienced with the setting up of 
2 
a uniform field, which depends on the existence of a 
uniform current sheet. For this reason coupled circuit 
theory is used when dealing with the effects of currents 
flowing along wires and short coils. 
Formulas for eddy current losses have been derived 
from the differential equations of electromagnetic fields 
with idealized boundary conditions. In some cases they 
correctly predict the measured power loss, in others 
they are found to be very misleading. Graneau1 treated 
the eddy current problem by using the coupled circuit 
theory and expressed by infinite series of the induced 
current in a metallic object of any shape to consist of 
an infinite number of closed filamentary circuits, all 
coinciding with the streamlines of current flow because 
of the property of electromagnetically induced currents to 
flow along closed curves. Next he divided the metallic 
body into n filaments and had this metallic body coupled 
electrically to a singl~,. energizing filament of any shape 
and position and carrying an arbitrary forced current, 
r 0 . Assuming that no relative motion takes place between 
the system elements, he wrote the general equations for 
the currents in the filaments. He then solved the general 
system of equations for the current in the nth filament, 
and obtained the solution in phasor form, 
3 
where the A coefficients are system parameters which 
describe the distribution of conducting and magnetic matter 
in space and are completely determined by the physical 
outlay of the system considered. 
The most significant feature of the above equation 
is that it expresses the current distribution as an explicit 
function of w, the angular frequency, and the coefficients 
of a given system can be predetermined without reference 
to strength or frequency of the energizing current. The 




where the B coefficients are system parameters. 
( 2) 
The case of a non-magnetic plate of aluminum, excited 
by a circular coil in a plane parallel to the surface of 
2 the plate, was discussed by Hammond , who considered a 
semi-infinite slab of material excited by a circular loop. 
By a simple extension of Hammond's analysis, Woolley 3 
covered the case of an infinite plate of finite thickness. 
Woolley used the classical approach by starting with 
Maxwell's equations. He then obtained the expressions for 
the fields inside and outside the plate in terms of the 
vector potential. Next he obtained the total power flow 
into the plate by evaluating the surface integral over the 
plate of the Poynting vector. The expression he obtained is, 
where 
x {s 2 exp (qt/a) ··· T 2 exp ( -s_t/a)} 
· S exp(qt/a) T exp(-qt/a) .. 
X 
* * * * {s exp(q t/a) + T 'exp(-q t/a) } 
*2 * *2 * S exp(q t/a) + T exp(-q t/a) 
2 p = uwaa 
k2 + jp 2 q = 
a = coil radius 
b coil spacing from top surface 
t = plate thickness 
resistivity l p = = -0 
s = kur + q 
T :;: kur - q 
kdk 
of plate 
J 1 (k) =Bessel functions of first kind, order one. 
4 
Lamb 4 discussed the problem of calculating the induced 
eddy currents in a conducting circular disc by a varying 
magnetic field by treating the disc as the limit of a thin 
spheroidal shell when one of its three axis becomes 
vanishingly small, and the two other axis are made equal 
to the radius of the circular disc. He was able to obtain 
a solution for discs whose resistance at a distance, r, 
from the center of the disc of radius, a, was a function 
of (a2 - r 2 ) 11 2 ; but for discs with uniform resistance 
he was not able to obtain a solution. However, a method 
was suggested to Ashour 5 by Professor A. T. Price for 
treating the problem when the conductivity of the disc 
and the inducing field have axial symmetry. The disc 
was regarded as composed of a large number of concentric 
annular circuits, each of inner radius, r, and radius, 
5 
r + or. The total resistance of the ring (r, r + or) will 
be 2nrp/or and the total current circulating in it is 
I{r)or, where I{r) is the integrated current density. If 
N{r,t) is the total induction through the circuit at the 
time, t, then 
2~rpi{r) =- a! N{r,t) (4) 
If M(r,r 1 ) is the coefficient of mutual induction between 
the two rings rand r•, N(r,t) is given by 
N(r,t) = nr2 H + E I(r') r'M(r,r') 
r• 
The summation in (5) covers all the circuits including 
(5) 
r• = r. H denotes the magnetic field normal to the disc. 
If r is infinitesimal, (4) takes the form 
I(r) =- rpH/2p- p/2rp far(r 1 )M(r,r 1 )dr' (6) 
0 
a where p denotes the operator (at) . If p is treated as a 
6 
parameter, equation (6) is an integral equation of Fredholm 
type to determine the eddy current I(r,p). 
6 Ryff et al presented a method of calculation for 
current distribution in a single-turn coil of arbitrary 
cross-section. The cross-sectional area of the turn is 
apportioned into a large number of circular conductors. 
This may be done by a uniform or non-uniform ~esh. The 
resulting set of subconductors is entirely independent 
of each other; however, the total current of all elements 
must equal the total conductor current. The method is 
based on the solution of a first boundary value problem 
for the diffusion equation of the form, 
( 7) 
The necessary boundary values of the magnetic field 
along the edges of the single-turn coil at the locations 
of the mesh, are obtained from a circular current filament. 
This filament is placed at the center of the single-turn, 
carrying the total conductor current. With these approxi-
mate boundary values, a solution to the diffusion equation 
can be obtained. The solution thus obtained is an approxi-
mate one, but it redistributes the originally assumed 
de current to account for the proper proximity and skin 
effect. Knowing this new current distribution, better 
boundary values for the magnetic field can be calculated, 
7 
and the process is repeated until convergence is established. 
Self-induction is generally interpreted as a special 
case of mutual induction with primary and secondary cir-
cuits merged into one conductor. This view is supported 
by the fact that both quantities have the same dimension, 
which is length in electromagnetic units. The self-
inductance of a wire loop can be expressed in terms of 
the mutual interactions of the currents flowing in the 
filaments which constitute the conductor. 
In the historical development of electromagnetic 
theory mutual inductance carne first. Thomson 7 introduced 
the concept of self inductance in order to account for the 
total energy stored by virtue of the flow of currents 
i 1 and i 2 in the circuits l and 2. He expressed this 
energy by 
(8) 
where Ll,l and L2 , 2 are coefficients of self-inductance 
and L1 , 2 the coefficient of mutual inductance. The mutual 
inductance L1 , 2 is normally defined as the magnetic flux 
linking circuit 2 per unit current in circuit 1. 
In the following section, a method of computing the 
inductances and the eddy-current losses of a hypothetical 
disc is described. 
II. THEORETICAL ANALYSIS 
The physical arrangement of the hypothetical disc 
and excitation coil with sinusoidal excitation is shown 
in Figure 1. 
Figure 1. Physical Arrangement of the Hypothetical 
Disc and Exciiation Coil. 
8 
9 
Because the excitation coil is circular and parallel 
to the plate, the vector potential it produces has only 
one component A8 in cylindrical coordinates. The induced 
eddy currents therefore flow in concentric circular paths, 
having no r or z component. 
Following the method suggested to Ashour by Professor 
Price, the disc is divided into concentric rings. To 
facilitate the division of the disc into rings and also 
to remove the point of singularity at the center of the 
disc, a small opening is introduced in the center of 
solid discs and the rest of the disc is divided into n 
rings of equal cross-sectional area as in Figure 2. 
Figure 2. Division of the Disc into n Rings. 
10 
For completely solid discs, the small opening will 
cause little error in the calculation of the eddy current 
and its losses because of flux density at this location 
is very small. A typical field configuration is shown 
in Figure 3. 
Figure 3. Flux Pattern of Disc and Excitation Coil. 
Very few flux lines cut into the disc near the center, as 
evident from Figure 3. The eddy current density is 
highest at a distance equal to the radius of the excitation 
coil, a, from the center of the disc as verified experi-
mentally by Basu and Scrivastava8 • Furthermore, the 
ll 
eddy current density decreases rapidly at distances that 
are either greater than or smaller than the radius of the 
excitation coil. 
Each of the rings is then replaced by its corresponding 
circuit representation so as to apply the coupled circuit 
theory. Everyone of the inductances are coupled to each 
other and also coupled to the excitation coil, as shown 
in Figure 4. 
Figure 4. 




Circuit Representation of the Rings. 
The symbols used were: 
Ln self inductance of the nth ring 
M2n = Mn2-- mutual between 2nd and nth ring 
th 
resistance of the n-- ring 
12 
M = Mon mutual between 
th 
ring and excitation n-no 
coil 
I eddy current flowing in th ring n n-
I -- current in the excitation coil. 
0 
The currents in the rings are completely determined 
by the following set of equations in phasor form: 
jWMl I 0 0 
.+jWM2 I = -jWM2 I n n o o 
• 
= -jWM I 
no o 
( 9) 
Writing the above system of equations in matrix form and 
dividing both sides o£ the matrix by jw, 
L -J·r /w 
n- n 
Equation (1) is of the form 
[X] [I] = [V] 
and can be solved as follows: 
M1 I 0 0 





To calculate the self-inductance of each ring, the 
ring is regarded as a filament located in the center of 
each ring with a radius equal to the mean radius, r, of 
each ring. It is assumed that all the currents through 
the ring flow in the filament. The ring is then further 
divided into n smaller rings as in Figure 5. 
Each of the smaller rings are then replaced by a 
filament through their center. The self inductance of 






where M is the mutual inductance between each of the 
r,rs 





Figure 5. -Division of a Ring into Smaller Rings for 
Self Inductance Calculation. 
Another similar expression for the self inductance 
of a ring is given by: 
( 13) 
where M b is the mutual inductance between the smaller 
a, 
division filaments. 
In this form L is seen to be the mean of all possible 
mutual inductance combinations of the n filaments, including 
a total of n combinations in which the positions a and 
b coincide. When a and b coincide, the self inductance 
of that filament is needed and according to Smythe11 , 
it is given by: 
-3 L = 4nxl0 a[ln(l6a/c) - 1.75]~h. 
where 
a = mean radius of the small division in em. 
c = width of the small division in em. 
15 
(14) 
The mutual inductance of two circular filament con-
ductors with the same axis was given by Maxwell in the 
following formula in elliptic integrals12 : 
2 2 M = 4niAa[(K- k)K- k E] (15) 
where K and E are complete elliptic integrals of the first 
and second kind, of modulus k, and 
4a 
(A+ a) 2 + 2 a 
(16) 
where A and a are the radii of the two circular filaments, 
centimeter units being used throughout, and s is the 
distance between planes of the filaments, 
2 g - (A + a ? ) - 2 + s 
16 
The computation of the mutual inductance of two 
circular filaments by values of elliptic integral taken 
from tables is often unsatisfactory, because the value of 
K tends to become infinitely large as the modulus k 
approaches 1. However, mathematical series can be found 
which converge with rapidity. 
For two coaxial circular filaments near together so 
that p/q is less than about l/4, a suitable series expansion 
for eg. ( 15) . 13 ~s 
~ 4 3n2 33p4 + l07p 6 M = 4nxl0-9 IAa (ln~q- l) (1 + ~ + 4 6 + .• J 4q2 64q 256q 
l5p 4 l85p6 
-(1 + + -
12Bq4 153q6 
+ •• .j 
For filaments far apart, where p/q is greater than 
about l/4, a suitable expansion for eq. (15) is14 : 
M ~ 2'IT 2 k 1 IAak 1 ;10+ 9 [ l + ~ k~ + ~~ ki .• J 
where 




To calculate the mutual inductance between two rings, 
both of the rings are divided into smaller rings as in 
Figure 6. 
Figure 6. Division of Two Rings into Smaller Rings 
for Mutual Inductance Calculation. 
17 
Each smaller ring is then replaced by a filament 
in its center. The mutual inductance is given by15 
1 b a 
= ~ ~ M 
ab r ,rb 
rb=l ra=l a 
18 
(19) 
where M is the mutual inductance between the filaments 
r ,rb a. 
of the two rings. 
The mutual inductance between the rings and the 
excitation coil is calculated by the same method as the 
self-inductance. The rings are divided into smaller rings 
as in Figure 7. 
Figure 7. Division of the Ring into Smaller Rings 
for Calculating Mutual Inductance 
Between the Ring and Excitation Coil. 
19 
The smaller rings are replaced by filaments in their 
center, and the excitation coil is regarded as a filament. 
The mutual inductance is given by16 : 





where M is the mutual inductance between the smaller 
r,r 
e 
ring filaments and the excitation filament. 
The resistance of the rings is calculated by: 
( 21) 
where p is resistivity of the material of the disc, 1 is 
n 
th the mean path length of the n-- ring, and A is the cross 
n 
. 1 f h th . sect1ona area o t e n-- r1ng. 
In the calculation of the resistance, the resistivity 
is a quantity dependent on the ambient temperature. Eddy 
currents flowing in the disc cause the temperature of the 
disc to increase. Therefore, assuming that thermal runaway 
does not occur and that the disc temperature reaches a 
certain final value Tf, the increase in the resistivity 
can be taken into account by17 
p = 
where 
p. is the 1 
T. is the 1 
0. is the 
p. 
1 
resistivity at the initial 
initial temperature, and 
coefficient of temperature 
(2 2} 
temperature, 





l: lrll r. ( 2 3) 
i=l 1.. 
where lril is the magnitude of the eddy current (rms) in 
h .th . t e 1..- r1..ng. 
For more accurate results, b1e disc can be further 
subdivided vertically. This method is more accurate, 
especially for plate thicknesses that are comparable to 
the penetration depth of the disc materiru because it 
takes into account the non-uniformity of current distribution 
inside the disc. The disc is then subdivided as below 
in Figure 8. 
As before, the center hole is introduced to facilitate 
the dividing of the disc into rings. Increasing the 
number of rings for the disc increases the size of the 
impedance matrix, but results in more accurate evaluation 
of the inductances. Theoretically, in the limit as n 
approaches infinity, the exact solution can be obtained. 
However, in order to obtain a reasonable numerical value, 
the number of rings is limited by the size of the impedance 
matrix. Toolarge of an impedance matrix causes excessive 
cumulative errors and/or exceeds the computer storage 
limitation. 
Figure 8. Division of a Ring into Smaller Rings 
With Vertical Subdivisions. 
21 
The self inductances, mutual inductances, and mutual 
inductances between rings and excitation coil are 
evaluated in the same way as before. The currents in 
each of the subdivisions can be calculated by solving 
eq. (10). Thus the total eddy current loss is obtained 
using these values in eqs. (21) and (23). 
Actual calculations of the eddy current loss of a 




III. NUMERICAL CALCULATION 
The solid disc under consideration is made of aluminum, 
7 
which has a conductivity, a, of 3.54xl0 mho/meter at 20°C. 
The disc has a diameter of 61 ern. and is 1/4 em. thick. 
The excitation coil is located coaxially 5.15 em. from 
the plane of the disc and has a diameter of 10.30 ern. 
The disc is divided into five equally wide rings 
of 6 ern. each. A hole of 1 ern. has been introduced in 
the center to facilitate the division as shown in Figure 9. 






Figure 9. Division of the Disc into 5 Rings for 
Numerical Calculation. 
24 
In calculating the self inductance, both methods of 
calculation using eqs. (12) and (13) were used to check 
the accuracy of these methods against two other approximate 
formulas. One formula is18 : 
L = .OOlaP' ].l.h. ( 2 4) 
and P' is the product of two factors P and F, of which the 
first is a function of c/2a while the second depends upon 
two parameters, cj2·a and b/c, where 
a = mean radius of the ring in em. 
b = axial dimension of the cross section in 
em., and 
c = radial dimension of the cross section in em. 
The values of P and Fare tabulated in Grover19 . The 
second formula is eq. (14). 
The self inductances for the rings of Figure 9 were 
calculated using eqs. (12), (13), (14), and (24). The 
results are given in Table I. 
From Table I, it is concluded that the method outlined 
by Ashour, eq. (12), for calculating self inductance is 
rather inaccurate. Graneau's method, eq. (13), for 
calculating the self inductance was used throughout the 
thesis because it is the exact solution, while eqs. 
(14) and (24) are approximations. A sample program for 
calculating self inductance by eq. (13) utilizing the 
UMR IBM 360-50 digital computer is shown in Appendix A. 
-- - ------
RING NO. EQUATION 12 
1 0.32xl0 -7 
2 0.64xl0 -7 
3 I 0.99xl0 
-7 
4 1.3lxl0 -7 
5 l. 60xl0 -7 
---- - ----- --- ----------- ---
TABLE I 
SELF INDUCTANCE IN HENRIES 
----
EQUATION 13 J;:QUATION 14 
0.49x10- 7 0.21xl0-7 
2.37xl0 -7 1. 73xl0 -7 
4.78xl0 -7 3.85xl0 -7 
7.50xl0 -7 6.20xl0 -7 











In calculating the mutual inductance between the rings 
and the excitation coil, each of the rings were divided 
into 100 smaller rings. A sample program for calculating 
mutual inductance between rings and excitation coil using 
eq. (20) is shown in Appendix B. The mutual inductance 
between rings and excitation coil are given in Table II. 
TABLE II 
MUTUAL INDUCTANCE BETWEEN RING AND 
EXCITATION COIL IN HENRIES 
RING NO. AND MUTUAL INDUCTANCE EXCITATION COIL 
1 .203xl0 -7 
2 .62lxl0 -7 
3 1.073xl0 -7 
4 .949xl0 -7 
5 .755xl0 -7 
In calculating the mutual inductance between the rings, 
each of the two rings is subdivided into 10 smaller rings. 
A sample program using eq. (19) is shown in Appendix C. The 




RING 2 .389x10 -7 
RING 3 .025x10 -7 
RING 4 .143x1o-7 
RING 5 .111x10 -7 
TABLE III 
MUTUAL INDUCTANCE BETWEEN RINGS IN HENRIES 
RING 2 RING 3 ~ING 4 
. 389x10-7 .205x10-7 .143x10-7 
- 1. 554x10-7 .952x10-7 
-7 -7 1. 554x10 - 3.136x10 
-7 3.136x1o-7 .952x10 
-
.711x10 -7 2.050x10 -7 4.978x10 -7 











In calculating the resistance, an initial temperature 
of 20°C. was assumed. For the final temperature, 60°C. 
was assumed (this geometry is similar to that used in 
electric generators and motors, and the ambient temperature 
of these machines is about 60°C.). The coefficient of 
temperature for aluminum is .0039. The resistance calcula-
tion is shown in Appendix D. The calculated resistances 
of the rings are given in Table IV. 
TABLE IV 
RESISTANCE OF RINGS IN OHMS 
RING NO. RESISTANCE 
l 4.80xl0 -5 
2 l3.04xl0 -5 
3 22.96xl0 -5 
4 29.44xlo-5 
5 37.72xl0 -5 
Putting these values into eq. (10), and for an assumed 
excitation current, I 0 , of 1440 rms. amperes at a frequency 
of 50 cps., the eddy currents were calculated. The program 
for calculating the eddy currents is shown in Appendix E. 




EDDY CURRENT OF RINGS IN RMS. AMPS. 






From the above values of current and the values of 
resistance, the total power loss due to eddy current can 
be obtained by eq. (23). The calculation is shown in 
Appendix F. The loss was found to be 9.615 watts for the 
1/4 em. thick disc. 
Calculations for a 1/2 em. thick disc were also made. 
However, instead of dividing the disc into five rings 
as for the 1/4 em. case, the disc is divided into 10 
rings as shown in Figure 10. 
The self inductances, mutual inductances, and the 
mutual inductances between the rings and the excitation 
coil are calculated in the same way as for the 1/4 em. 
case. 
30 
-71 1;4 1~ 
em. 
Figure 10. Division of a 1/2 em. Thick Disc into 10 Rings. 
Calculations for plate thicknesses of 1 em. and 2 em. 
were also made. The calculations were done in the same 
way as for the 1/2 em. case. 
In order to compare accuracy, for the 1/4 em. case, 
calculations were also performed using 10 divisions. The 
31 
power loss was found to be 10.07 watts which is very close 
to 9.£15 watts as obtained by using five divisions. The 
results are given in Table VI, all using 10 divisions for 
the calculations. 
TABLE VI 





1/4 em. 10.07 
1/2 em. 9.94 
1 em. 6.61 
2 em. 4.29 
IV. COMPARISON OF THE CALCULATED LOSSES WITH 
EXPERIMENTAL VALUES 
32 
20 In a recent paper, Wooley measured the eddy current 
losses of a solid aluminum plate. His experimental model 
comprised a stack of aluminum plates 61 em. in diameter 
and an excitation coil of 20.60 em. diameter, arranged 
coaxially. The plates were of various thicknesses, 
permitting the total thickness to be adjusted in steps of 
1.59 mm. up to a maximum of 33.3 mm. From the above 
arrangement, he was able to obtain the variation of eddy 
current power loss with respect to coil spacing, and plate 
thickness. The two graphs are reproduced in Figure 11 
and Figure 12, respectively. 
From Figure 11 it was found that for a coil spacing of 
5.15 em. the loss is 4.52 watts. Therefore on the graph 
of Fig. 12, 100% would correspond to a loss of 4.52 watts. 
The experimental values for various plate thickness are 














1/2 em. 9.95 
1 em. 6.30 








0 0.2 0.4 0.6 0.8 1.0 1.2 
b/a 
33 
Variation of Eddy Current Loss With Coil Spacing 
I = 1440 amps. rms. 








120 ~ ~ ~ r-
---80 
40 
0 1 2 3 
plate thickness in em. 
Figure 12. Variation of Eddy Current Loss With Plate 
Thickness 
b/a = 1/2 
34 
The graphs for the power loss as a function of thick-
ness, both calculated and experimental, are given in Figure 
13. 
Using the experimental power loss as the base, the 
percent deviation between theoretical and experimental 













' I ~ ~ 
I ~ ~ 
l/2 l 3/2 
plate thickness in em. 
0 -- experimental 
,6 _ calculated 
Figure 13. Power Loss vs. Plate Thickness 
TABLE VIII 





1/4 em. 7% 
l/2 em. 0% 
l em. 4.75% 






The agreement between the experimental results and 
the calculated results are good. For the 1/4 em. case, 
the discrepancy is caused principally by the lack of data 
in that region. Woolley interpolated the curve for small 
thicknesses using crude analytical calculations, thus 
making this part of the graph inaccurate. Further dis-
crepancies can be due to: 
1. The subdivisions of the rings did not constitute 
truly a filament. 
2. The excitation coil had a finite cross-sectional 
area and thus it was not a true filament. 
3. The introduction of the small opening in the 
center of the theoretical model altered slightly 
the field near the disc. 
4. There is flux leakage between the search coils 
and the disc surface so that the search coils 
do not measure the precise disc EMF. 
5. There is some field distortion due to the supply 
leads in the experimental model. 
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V. CONCLUSION 
The generally high standard of agreement between the 
calculated and measured results on the experimental model 
has shown that mathematical approach is satisfactory. The 
model comprised an aluminum plate 61 em. in diameter and 
an excitation coil of 20.60 em. diameter, arranged co-
axially. Also, fewer divisions are necessary when the 
plate thickness is small because uniform current distri-
bution inside the disc can be assumed. This will also 
save calculation time on the computer. It may also be 
noted that raising the ambient temperature, thus increasing 
resistance of the rings, increases the power loss, 1n 
general. Further work could be done on this subject by 
obtaining a set of graphs that gives the power loss vs. 
different dimensions of the same basic geometry, so that 
eddy current losses can be obtained quickly. 
BIBLIOGRAPHY 
1. Graneau, P., (1961), "On the Relationship between 
Self and Mutual Inductance," Journal of 
Electronics and Controls, 10, 383-401. 
38 
2. Hammond, P., (1962), "The Calculation of the Magnetic 
Field of Rotating Machines," Proc. IEE, 1962, 
109c, 508-515. 
3. Wolley, I., (1970), "Eddy Current Losses in Reactor 
Flux Shields," Proc. IEE, vol. 117, no. 11, 
Nov. 1970, 2142-2150. 
4. Lamb, H., (1887), "On the Principal Electric Time-
Constant of a Circular Disc," Proc. Roy. Soc. A, 
42, 289. 
5. Ashour, A., (1950), "The Induction of Electric 
Currents in a Uniform Circular Disc," Quart. 
Journ. Mech. and Applied Math., vol. III, Part I 
(1950) 1 119-128. 
6. Ryff, P., Baringer, P., and Burke, P., (1970), 
"Calculation Methods for Current Distribution in 
Single-Turn Coils of Arbitrary Cross Section," 
IEEE Trans. on Power and Systems, Feb. 1970, 
228-232. 
7. Thomson, W., (1853), "Mathematical and Physical 
Papers," Cambridge University Press, Cambridge, 
1882-1911, vol. 1, 1853, 521. 
8. Basu, s., and Scrivastava, K., (1969), "Electro-
magnetic Forces on a Metal Disc in an Alternating 
Field," Transaction paper presented at the IEE 
Winter Power Meeting, New York, N.Y., Jany. 26-31, 
1969. 
9. Ashour, A., (1950), "The Induction of Electric 
Currents in a Uniform Circular Disc," Quart. 
Journ. Mech. and Applied Math., vol. III, Part I, 
1950, 122. 
10. Graneau, P., (1962), "A Re-examination of the 
Relationship between Self and Mutual Inductance," 
Journ. Elect. and Contr., vol. 12, 125-132. 
11. Smythe, w., (1939), "Static and Dynamic Electricity," 
McGraw-Hill Book Co., Inc., New York, First 
edition (1939), 316. 
39 
12. Dwight, H., (1945), "Electrical Coils and Conductors," 
McGraw-Hill Book Co., Inc., New York, First 
Edition (1945), 228. 
13. Dwight, H., (1945), "Electrical Coils and Conductors," 
McGraw-Hill Book Co., Inc., 1945, New York, 
First edition, 230. 
14. Ibid. 
15. Grover, F., (1946), "Inductance Calculations: Working 
Formulas and Tables," Dover Publications, Inc., 
New York, 1946, 89-90. 
16. Ibid. 
17. Weidner, R., and Sells, R., (1965), "Elementary 
Classical Physics," Allyn and Bacon, Inc., 
Boston, 1965, vol. 2, 745. 
18. Grover, F., (1946), "Inductance Calculation: Working 
Formulas and Tables," Dover Publications, Inc., 
New York, 1946, 110. 
19. Grover, F., (1946), "Inductance Calculations: Working 
Formulas and Tables," Dover Publications, Inc., 
New York, 1946, 108-109, 113. 
20. Woolley, I., (1970), "Eddy Current Losses in Reactor 
Flux Shields," Proc. lEE, vol. 117, no. 11, 
Nov. 1970, 2142-2150. 
40 
VITA 
Kou Quen Chang was born on November 26, 1948 in 
Nanking, China. He received his high school education from 
the Mary Immaculate High School, Sao Paulo, Brazil. After 
that he attended the University of Colorado, Boulder, and 
obtained the degree of Bachelor of Science in Electrical 
Engineering in May, 1970. 
The author has been enrolled in the Graduate School 
of the University of Missouri at Rolla since September 
1970 and has been a candidate for the Master of Science 
degree in Electrical Engineering. 
He is a member of the Institute of Electrical and 
Electronics Engineers, and Eta Kappa Nu. 
41 
APPENDIX A 
PROGRAM FOR DETERMINATION 
OF SELF INDUCTANCE 
Equations 14, 17, and 18 were programmed for IBH 360 
digital computer using Fortran IV language. The program 
computes the self inductance of ring no. 1 for the 1/4 em. 
case. The ring is divided into 10 smaller rings. The 
program is as follows, 
/WAT5 EE143179,TIME+Ol,PAGES=Ol0 
C SELF INDUCTANCE OF RING 1 
1 DIMENSION H(20,20) ,P(20,20) ,Q(20,20) ,G(20,20), 
A(20) ,B(20) 
2 S=.8-.6 
3 DO 10 N=l,lO 
4 S=S+.6 
5 10 A(N)=S 
6 D=.8-.6 
7 DO 20 J=l,lO 
8 D=D+. 6 
9 20 B(J)=D 
10 DO 65 J=l,lO 
11 DO 65 N=l,lO 




16 IF ((P(N,J)/Q(N,J))-.25) 50,50,55 






18 GO TO 65 
19 55 H(N,J)=2*3.141592654*.00000000l*G(N,J)*SQRT( 
A(N)*B(J)*G(N,J))*(l+(3*G(N~J)**2/8)+(15*G(N,J) 
**4/64)+(175*G(N,J)**6/1024))*3.1415 
20 GO TO 65 
21 30 H(N,J)=4*3.141592654*.00000000l*A(N)*(ALOG((l6* 
A(N))/.6)-1.75) 
22 65 CONTINUE 
23 SUMSQ=O.O 
24 DO 60 J=l,lO 
25 DO 60 N=l,lO 
26 60 SUMSQ=SUMSQ+H(N,J) 
27 WRITE(3,120) 
2 8 120 FORMAT(/ /15X, 1 MUTUAL INDUCTANCE') 
29 WRITE (3,101) ( (H(N,J) ,N=l,lO) ,J=l,lO) 
30 101 FORMAT(l5X,E20.7) 
31 WRITE(3,102) SUMSQ 
32 102 FORMAT(' SUM OF MUTUAL INDUCTANCE'/(E27.7)) 
33 STOP 
34 END 
SUM OF MUTUAL INDUCTANCE 
0. 4 9 315 39E -0 5 
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Thus, the self inductance is the average of the sum of 




PROGRAM FOR DETERMINAT.ION OF MUTUAL INDUCTANCE 
BETWEEN RINGS AND EXCITATION COIL 
Equations 17 and 18 were programmed for IBM 360 
digital computer using Fortran IV language. The program 
computes the mutual inductance between ring no. 1 and the 
excitation coil. The ring is divided into 100 smaller 


























MUTUAL INDUCTANCE BETWEEN RING_ 1 AND EXCITATION 
COIL 
DIMENSION H(llO) ,P(llO},Q{llO) ,A(llO) ,G(llO) 
S=.53-.07 
DO 10 N=l,lOO 
A(N) =S 
DO 15 N=l,lOO 
P(N)=SQRT((A{N)-10.3)**2+5.275**2) 
DO 20 N=l,lOO 
Q(N)=SQRT((A(N)+l0.3)**2+5.275**2) 
DO 40 N=l,lOO 
G(N)=(Q(N)-P(N))/(Q(N)+P(N)) 






+ (185*P (N) **6) I (1536*Q (N) **6))) 






DO 35 N=l,lOO 
SUMSQ=SUMSQ+H(N) 
WRITE ( 3 , 11 0 ) 
FORMAT(//15X,' MUTUAL INDUCTANCE') 
W RI TE ( 3 , 1 0 1) ( H ( N ) , N = 1 , 10 0 ) 
FORMAT(l5X,E20.7) 
WRITE(3,102) SUMSQ 
26 102 FORMAT(' SUM OF MUTUAL INDUCTANCE'/(E27.7)) 
27 END 
28 STOP 
SUM OF MUTUAL INDUCTANCE 
0.203003E-05 
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Thus, the mutual inductance between rings and excita-
tion coil is the average of the sum of the mutual 




PROGRAM FOR DETERMINATION OF MUTUAL 
INDUCTANCE BETWEEN RINGS 
Equations 17 and 18 were programmed for IBM 360 
digital computer using Fortran IV language. The program 
computes the mutual inductance between ring no. 1 and 
ring no. 2. Both of the rings were divided into 10 smaller 
rings, and the program is as follows. 
/WAT5 EE142469,TIME=Ol,PAGES=010 
C MUTUAL INDUCTANCE BETWEEN RING 1 AND RING 2 
1 DIMENSION H(20,20) ,P(20,20) ,Q(20,20) ,G(20,20), 
A(20) ,B(20) 
2 S=.8-.6 
3 DO 10 N=l,lO 
4 S=S+.6 
5 10 A(N)=S 
6 D=6.8-.6 
7 DO 20 J=1,10 
8 D=D+. 6 
9 20 B(J)=D 
10 DO 30 J=l,lO 
11 DO 30 N=l,lO 
12 30 P(N,J)=ABS(A{N)-B(J)) 
13 DO 40 J=l,lO 
14 DO 40 N=l,lO 
15 40 Q(N,J)=A(N)+B(J) 
16 DO 45 J=l,lO 
17 DO 45 N=l,lO 
18 45 G(N,J)=(Q(N,J)-P(N,J))/(Q(N,J)+P(N,J)) 
19 DO 65 J=l,lO 
20 DO 65 N=l,lO 
21 IF ((P(N,J)/Q(N,J))-.25) 50,50,55 
22 50 H(N,J)=4*3.141592654*.00000000l*SQRT(A(N)*B(J)) 
*((ALOG(4*Q(N,J)/P(N,J))-1)*(1+(3*P(N,J)**2) 
I ( 4 *Q (N, J) * * 2) + ( 3 3 *P (N, J) * * 4) I ( 64 *Q (N I J) * * 4) 
+(107*P(N,J)*6)/(256*Q(N,J)**6))-(1+(15*P(N,J) 
**4)/(128*Q(N,J)**4)+(185*P(N,J)**6)/(1536* 
Q (N, J) * * 6) ) ) 
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23 GO TO 65 
24 55 H(N,J)=2*3.141592654*3.141592654*.00000000l*G 
(N' J) *SQRT (A (N) *B ( J) *G (N 'J) ) * ( 1+ ( 3 *G (N I J) * * 2/8) 
+15*G(N,J)**4/64)+(175*G(N,J)**6/1024)) 
25 65 CONTINUE 
26 SUMSQ=O.O 
27 DO 60 J=l,lO 
28 DO 60 N=l,lO 
29 60 SUMSQ=SUMSQ+H(N,J) 
30 WRITE(3,120) 
31 120 FORMAT(//15X,' MUTUAL INDUCTANCE') 
32 WRITE(3,101) ((H(N,J) ,N=1,10) I J+1,10) 
33 101 FORMAT(15X,E20.7) 
34 WRITE(3,102) SUMSQ 
35 102 FORMAT(' SUM OT MUTUAL INDUCTANCE'/(E27.7) 
36 STOP 
37 END 
SUM OF MUTUAL INDUCTANCE 
0.3893510E-05 
Thus, the mutual inductance between rings is the 
average of the sum of mutual inductances, and is 
0.3893510E-07 
APPENDIX D 
DETERMINATION OF RING RESISTANCE 
Equations 21 and 22 were used to calculate the 
resistance of ring no. 1. The initial temperature, T. 
J.. 
was 20°C., and the final temperature, Tf, was 60°C. The 
calculation is as follows 
( . 2 8 2 xl 0- 7 ) ( 1 + • 0 0 3 9 ( 6 0 - 2 0) ) ( 2) ( 3 . 1414) ( . 0 3 5) 
R = (.0025) (.06) 




PROGRAM FOR DETERMINATION OF EDDY 
CURRENTS IN RINGS 
Equations 10 and ll were programmed for IBM 360 
digital computer using Fortran rv language. The program 













































COMPLEX BB(20,20) ,B(20) ,C(20) ,D(20) ,A(20) ,SUM 
DI~lliNSION IP(20),IQ(20) ,RAD(20) ,ANG(20) 
EPS=l.OE-5 
LX=5 
DO 10 I=l,5 
READ(l,lOO) (BB(I,J) ,J=l,5) 
FORMAT (3(2Fl0.4)) 
DO 20 J=l,5 
READ ( l I 2 0 0) ( D ( J) ) 
FOR.JI1AT ( 2F 10. 4) 
CALL CINVRT(BB,20,LX,EPX,DELTA,B,C,IP,IQ,KEY) 
DO 30 I=l,5 
WRITE ( 3, 3 0 0) ( BB (I , J) , J= l, 5) 
FORMAT(6(2Fl0.3)) 
CONTINUE 
DO 50 I=l,5 
COMPUTE BB*D,CALL IT A 
SUM=(O.O,O.O) 
DO 60 K=l,5 
SUM=SUM+BB(I,K)*D(K) 
A(I)=SUM 
DO 70 J=l,5 
W RI TE ( 3 , 4 0 0 ) (A ( J) ) 
FORMAT (2Fl0. 3) 
WRITE ( 3 , 50 0) 
CONVERT THE COMPLEX A 1 S TO POLAR FORB 






GO TO 120 
32 150 CONTINUE 
33 IF(Z)130,140,140 
34 130 ANG(J)=-3.141592654/2.0 
35 GO TO 120 
3 6 14 0 AN G ( J) =+ 3 . 1415 9 2 6 54 I 2 . 0 
37 GO TO 120 
38 110 ANG(J)=ATAN(Z/X) 
39 120 DEG=(180.0/3.141592654)*ANG(J) 
40 80 WRITE(3,600)RAD(J) ,ANG(J) ,DEG 
41 600 FORMAT(4F18.8) 
42 500 FORMAT(7X,11HY MAGNITUDE, 7X,7HY ANGLE,11X, 


















DETERMINATION OF EDDY 
CURRENT POWER LOSS 
The total eddy current power loss is calculated by 
using equation no. 23. The calculations for the 1/4 em. 
case, using five divisions is as follows, 
pl = (140.51) 2 (4.8xl0-S) = 
p2 = (136.95) 2 (13.04xl0-S) 
p3 = (134.27) 2 (22.96xl0- 5 ) 
p4 = (71.24) 2 (29.44xl0- 5 ) 




= 2.45 watts 
= 4.15 watts 
= 1.50 watts 
= .565 watts 
= 9.615 watts 
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